Microgravimetric and gravity gradient surveying techniques are applicable to the detection and delineation of shallow subsurface cavities and tunnels. Two case histories of the use of these techniques to site investigations in karst regions are presented. In the first case history, the delineation of a shallow (_ 10 m deep), airfilled cavity system by a microgravimetric survey is demonstrated. Also, application of familiar ring and center point techniques produces derivative maps which demonstrate (1) the use of second derivative techniques to produce a "residual" gravity map, and (2) the ability of first derivative techniques to resolve closely spaced or complex subsurface features. In the second case history, a deeper (-30 m deep), water-filled cavity system is adequately detected by a microgravity survey. Results of an interval (tower) vertical gradient survey along a profile line are presented in the second case history; this vertical gradient survey successfully detected shallow (< 6 m) anomalous features such as limestone pinnacles and clay pockets, but the data are too "noisy" to permit detection of the vertical gradient anomaly caused by the cavity system. Interval horizontal gradients were determined along the same profile line at the second site, and a vertical gradient profile is determined from the horizontal gradient profile by a Hilbert transform technique. The measured horizontal gradient profile and the computed vertical gradient profile compare quite well with corresponding profiles calculated for a two-dimensional model of the cavity system. ~~--__ -------
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BACKGROUND
Detection and delineation of subsurface cavities is one of the most frequently cited applications of microgravimetry. Cavities may be natural, such as solution cavities in limestones, dolomites, and evaporites; or man-made, such as tunnels or mines; and may be air-filled, water-filled, or filled with some secondary geologic material. A potential field method, such as gravimetry or magnetic methods (in the latter instance only if the cavities represent a magnetic polarization contrast), is well suited for the detection and delineation of cavities; whereas cavities present a very difficult objective for detection by other geophysical methods (Franklin et al., 1980; Butler, 1977) . Solution cavities are just part of the geologic complexity to be expected in karst regions, and microgravimetry is an invaluable complement to other geophysical, geologic, and direct methods for site investigations in such areas. reviewed case histories of subsurface cavity detection investigations by Arzi (1975) Neumann (1977) , and Fajklewicz (1976) . The work by Arzi and Neumann involved microgravimetric surveys which delineated karstic cavities and abandoned mines, respectively; while the work by Fajklewicz involved the use of a tower structure to measure interval vertical gradients for the detection of shallow (< 15 m) abandoned mines. Although Fajklewicz reported an impressive anomaly verification record, his paper generated considerable discussion. Much of the negative reaction to the work of Fajklewicz came from accuracy and precision claims for his data which seemed to be inconsistent with the accepted accuracy (f 20 uGa1) of the Sharpe gravimeter which he used.
A research program was initiated in 1976 at the U. S. Army Engineer Waterways Experiment Station to investigate geophysical methodologies for detection and delineation of subsurface cavities. The work was conducted in three phases:
(1) assessment of geophysical methods for cavity detection at a man-made cavity test ' site (Butler and Murphy, 1980); (2) assessment of geophysical methods for cavity detection at a shallow (5 10 m), air-filled, natural cavity test site, Medford Cave, Marion County, Florida Ballard, 1983; Curro, 1983; Cooper, 1983) ; and (3) assessment of the most promising geophysical methods, identified in phase 2, at a deeper (-30 m), waterfilled cavity test site, Manatee Springs, Levy County, Florida .
One of the conclusions of this work is that, for investigations requiring detection and delineation of shallow cavities ( 6 4 to 6 effective cavity diameters in depth), microgravimetry is the most promising surface method in most cases. In this paper, results of microgravimetric surveys at the Medford Cave and Manatee Springs test sites are presented. Details of site characteristics, topographic survey procedures, microgravimetric field procedures, data collection procedures, etc., are presented in the references given under the phase 2 and 3 descriptions of the research program. The presentation here will concentrate on the aspects of work at the two sites related to gravity-gradient measurements and/or determinations. Medford Cave is a complex, three-dimensional (3-D) system; thus gravity gradient methods were restricted to analytical determination by the familiar ring and center point techniques, albeit on a very dense grid of stations. In the vicinity of the microgravimetric survey, the Manatee Springs cave system can be con- Grid point (0, 0) was selected as the base station and was reoccupied at least once per hour. The gravity meter was operated at night in a tidal recording mode to produce a tidal record for comparison with the field base station "drift" curve. Figure 4 shows the comparison between the measured tidal curve and the base station drift data. The long-term, cumulative drift (nontidal) of the gravity meter appears to be about 2 uGal/hr, although there are nontidal meter drifts larger than this that are not cumulative. selective drilling of small negative anomalies in areas away from the known cavity system intercepted air-or clay-filled cavities or clay pockets in the top of the limestone. Eleven boreholes were located in positive anomaly areas, and only three of these boreholes intercepted cavities (Z2 ft in vertical dimension). 
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Gravity gradient maps
Two types of gravity-gradient maps were generated from the Medford Cave site microgravity survey data. The familiar ring and center point (spatial filtering) techniques were utilized to compute first (vertical gradient) and second derivative maps from the gravity data. These techniques were used for this site for two reasons: (1) to investigate the application of the techniques to small-scale surveys for improved resolution and the de' termmatron of residual gravity maps; and (2) because the known cavity system is clearly threedimensional. Since the techniques are familiar and standard, details about their formulation and use will not be given.
The second derivative map in Figure quencies; while a second ring at r4 = & a = 44.7 ft (13.6 m) is used to approximate a local regional field for the center point.
The contour values in Figure 8 should be considered in a relative sense with arbitrary units.3 Comparing the second derivative map in Figure 8 with the residual gravity map in Figure 5 , the similarity is evident. All of the primary features of the residual gravity map can be found in the second derivative map. The second derivative technique is a more objective procedure than the inspection or graphical techniques, and it can be advantageously applied to microgravity survey results when it is difficult to recognize the proper scale regional field. Figure 9 , the vertical gradient or first derivative map, was produced using an equation due to Baranov (1975) . The equation does not have coefficients chosen to produce smoothing as in the second derivative equation. Thus, in principle, the first derivative map should have greater resolution than the second derivative and residual gravity map. The contour values in Figure 9 should be considered in a relative sense with arbitrary units.4 All of the anomaly features identified on the residual gravity map can be seen on the first derivative map; however, the spatial extent of given anomalies is generally less on the first derivative map than on the residual gravity map. Also, some anomalies observed as single features on the residual gravity map seem to be resolved into two or more features on the first derivative map, such as the negative anomaly between 80N and 180N in Figure 5 along the eastern boundary of the survey area. enough to confirm in detail the predictions of multiple subsurface features causing the negative anomaly, but two boreholes placed at (110, 0) and (117, -5) confirmed the presence of a significant cavity feature at this location which varied in dimension and depth laterally.
The 80W north-south profile line was discussed previously in connection with the residual gravity profile; the gravity profile is compared with the gravity-gradient profiles for this line in Figure 11 . Qualitatively, all three profiles in Figure 11 are similar. The smoothing inherent in the second derivative procedure is evident in the subdued nature of the highs and lows corresponding to the limestone pinnacles and clay pockets. The first derivative profile in this case, however, is nearly identical to residual gravity profile in delineating the top of limestone topography and detecting the known cavity (see Figure 7) . however, is so erratic that the "cavity gradient signature" is effectiveiy masked. The gradient "signature" of rhe cavity is enhanced by Ax values which are larger than the effective depths of the shallow anomalous features causing the erratic behavior of the AX = 20-ft profile (Butler, 1984) . Accordingly, the AX = SO-ft profile data will be used for the considerations which follow.
Comparison of results with 2-D model calculations
The cavity system was modeled as a 2-D prism with rectangular cross-section as shown in Figure 20 (based on cavity details known prior to the field work), and interval horizontal and vertical gravity gradients were computed. In Figure 21 , the computed horizontal gradient profile is compared with the measured horizontal gradient profile for Ax = 80 ft. The average behavior of the measured profile approximates the calculated profile quite well in amplitude and spatial wavelength, with the amplitude of the measured profile slightly larger on the right-hand side. The vertical gravity gradient g_(x, z) on the surface z = 0, due to a 2-D subsurface structure, is related to the horizontal gravity gradient g_(x, z) on the surface by a Hilbert transform (Sneddon, 1972 , Bracewell, 1965 , where x is the profile point at which CJ,, z is to be determined. An algorithm for computing the vertical gradient of a discrete horizontal gradient profile data set is presented in Butler et al. 
CONCLUSIONS
The microgravity survey at the Medford Cave site demonstrates the capability of microgravimetry to detect and delineate shallow, complex cavity systems. Familiar spatial filtering techniques were applied to the dense grid of gravity stations to produce first and second vertical derivative maps. Suitable selection of ring radii and coefficients in a second derivative equation successfully produced a map which compares quite well with residual gravity maps produced by the usual regionalresidual separation procedure. Examination of a selected profile line from the first derivative (vertical gradient) map demonstrates the greater resolving power of the first derivative profile compared to the gravity profile.
cavities and abandoned mines (Fajklewicz, 1976; . There is no flexibility to select large vertical intervals in order to attenuate large gradient anomalies caused by shallow density variations. Also, since terrain variations produce large vertical gradient effects on short tripod measurements (Fajklewicz, 1976; Ager and Liard, 1982), interval vertical gradient surveys will be most successful in areas with flat terrain. Thus, interval vertical gradient surveys are not useful, in general, for combined gradient interpretive procedures.
